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A B S T R A C T
This paper proposes the use chitosan modiﬁed with carbamoyl benzoic acids as new coagulant-ﬂocculant agents
for metals removal from aqueous solutions. The grafted chitosan species as chitosan dianhydride (ChD) and
chitosan dianhydride-amine (ChDA) improved the removal of Cu2+, Pb2+, Ca2+, Cr3+, Zn2+ and Ni2+, com-
pared with chitosan alone. Zeta potential measurements predict doses and allowed to calculate binding constants
between the new coagulant-ﬂocculant agents and metallic cations (from 104 to 105 M−1). After the coagulation-
ﬂocculation, solids were analyzed by SEM and EDS. SEM images show the texture of solids depending on the
functional group grafted on chitosan. EDS study of solids containing chitosan dianhydride-metals (average of all
scanner areas) revealed the wt% of metals: Cr (10.45%), Cu (5.95%), Ni (5.22%), Zn (4.36%), Pb (1.37%), Cd
(0.31%) and Ca (0.10%) For recovered solids containing chitosan dianhydride-amine-metals, the observed wt%
appeared in the same order: Cr (12.44%), Cu (6.75%), Ni (5.75%), Zn (5.12%), Pb (1.82%), Cd (0.59%) and Ca
(0.12%).
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1. Introduction
Recently, wastewater treatment has been carried out using diverse
types of natural polymers such as chitosan to innovate the coagulation-
ﬂocculation processes [1]. However, due to the presence of various
pollutants in industrial wastewater, the eﬀectiveness of the treatment
depends on the quantity and type of polyelectolyte. For this reason, the
combination of natural and synthetic materials to improve their per-
formance represents a new challenge for material science and en-
vironmental engineering. In the case of coagulant-ﬂocculant agents, the
scope is to combine a biopolymer with a synthetic polymer to obtain
better metal binding agents as well as biodegradable and eco-friendly
chemicals, recommended for primary wastewater treatments. Among
the biopolymers, chitosan has been described as a non-toxic cationic
linear molecule with high molecular weight and biodegradable [2,3].
Some authors have also shown that chitosan works well for heavy
metals removal [4,5]. However, its use is limited because of its low
solubility in water [6]. Due to chitosan usefulness, it has been reported
that a modiﬁcation of a chitosan matrix improved its environmental
applications [7–9], antimicrobial ability [10] and pharmacological uses
[11]. However, there are almost no reports about the combination of
chitosan and inexpensive synthetic compounds as carbamoyl benzoic
acids that could have advantages over synthetic polymers in waste-
water treatment. In this work, it is expected that the modiﬁcation of
chitosan with carbamoyl benzoic acids increase the polymer solubility
and binding properties to remove metals typically contained in plating
wastewater. From the environmental point of view, the chemical
modiﬁcation of chitosan (aldehydes, acids) [4] represent an attractive
alternative to conventional treatments. In particular, the new com-
pounds are expected to present a synergistic eﬀect combining chitosan
eco-friendly characteristics [12] and the binding power if carbamoyl
benzoic acids with heavy metals.
Concerning the quality of wastewater, turbidity and color are
caused by very small particles identiﬁed as colloids [13,14]. In the case
of metallic ions, they remain suspended in water for long time and can
pass through very ﬁne ﬁlters. To remove these metallic ions coagula-
tion-ﬂocculation processes are usually performed [15]. Coagulation
aims to destabilize suspended particles facilitating agglomeration [16].
In general, these particles coalesce to form a ﬂoc that can be readily
removed by decantation procedures and ﬁltration. It is important that
coagulation-ﬂocculation processes are properly used [17], to prevent
the production of small or very light solids and provides insuﬃcient
decantation; while the water reaching the ﬁlters contain a large amount
of ﬂoc particles which quickly dirty ﬁlters and require frequent wash-
ings. On the other hand, when the ﬂocs are fragile, it breaks into small
particles that can pass through the ﬁlter and alter water quality.
Trying to ﬁnd the correct combination of a natural polymer as
chitosan and a synthetic metal binder we found a study of a supramo-
lecular compound cross-linked with metallic ions, as well as a chemical
modiﬁcation of chitosan with diverse groups to improve the separation
of metallic ions used in biomedical ﬁeld [18]. To our knowledge there
are no reports on the anchorage of carbamoyl benzoic acids in chitosan.
In a previous work, carbamoyl benzoic acids were tested as separation
agents of Pb+2 by combining chelating and coagulation-ﬂocculation
process [5]. It is also important to mention that carbamoyl benzoic
acids did not work to separate other metals, for this reason this paper
propose to modify chitosan molecule with carbamoyl benzoic acid to
test its capacity to remove metallic cations including Pb, Cu, Cd, Zn Ni,
Cr, and Ca that are typical in industrial waste water.
2. Materials and methods
2.1. Materials and reagents
Deionized water (resistivity: 18.2 MΩ, MilliQ. Advantage A10) was
used for sample preparation in all experiments. 3,3′,4,4′-
benzophenonetetracarboxylic dianhydride, benzyl methyl amine and
low molecular weight chitosan (ChS) were purchased from Sigma-
Aldrich in highest available purity (> 99%). All solvents were of
spectroscopic or HPLC grade. Zeta potential data was recorded on a
Stabino Particle Charge Mapping. The measurements were done at
room temperature in porcelain cuvettes. Sample solutions used to study
the pH dependence of the potential zeta were prepared adjusting to the
desired pH, with 0.1 M NaOH and 0.1 M HCl. The eﬀect of metal ca-
tions upon the zeta potential was examined by adding a few microliters
of stock solution (0.1% w/w) of the study metal cations to a known
volume of the solution (10 mL). The addition was limited to 0.3 mL, so
that dilution remained insigniﬁcant [19]. 1H NMR spectra were ob-
tained in a Bruker 400 MHz NMR Spectrometer at a probe temperature
of 25 °C with TMS as the internal standard. The FT-IR spectra were
recorded on an FT-IR ATR Spectrum Two Perkin Elmer. Metal ion
concentrations were determined using Agilent Technologies 4200 MP-
AES. Various formulations of the derivatives were placed in cylindrical
glass cells and submitted to separation kinetics in a Turbiscan Lab®. For
metal estimation in solid phase formed from coagulation-ﬂocculation
tests. The solid samples were examined in a SEM ZEISS EVO-MA15,
equipped with a EDS (energy dispersive spectroscopy) BRUKER de-
tector.
2.2. Preparation of chitosan derivatives
To prepare chitosan dianhydride, ChD, the procedure was as fol-
lows: ChS (1 g) was gradually added, under constant mechanical stir-
ring, into 100 mL aqueous acetic acid 0.7% (v/v). After complete dis-
solution, 6 mL of 3,3′, 4,4′-benzophenonetetracarboxylic dianhydride
(0.67 g) in ethanol were added dropwise. To prepare Chitosan dia-
nhydride-amine, ChDA, the above mentioned mixture was combined
with benzylamine (0.4 mL added dropwise). Each derivative ethanol
solution was stirred in a water bath at 50 °C for 5 h. After preparation
both derivatives were precipitated by adding an adequate amount of
acetone. A ﬁnal puriﬁcation step was done for 24 h. M.p. > 400 °C.
2.3. Zeta potential vs. pH plots for the ChD and ChDA derivatives
The zeta potential plots of ChD and ChDA derivatives were per-
formed to evaluate the pH inﬂuence over the surface charge, in parti-
cular to determine the amine protonation capacity. The measurements
were done at room temperature in porcelain cuvettes. The experiments
were done for ChD and ChDA (0.1%) derivatives within a pH range of
2–11 using 0.1 M NaOH and 0.1 M HCl to adjust the desired value.
2.4. Aﬃnity study ChD and ChDA derivatives with diﬀerent metal cations
The binding properties of ChD and ChDA with diﬀerent metal ca-
tions (Cu2+, Pb2+, Ca2+, Ni2+, Zn2+, Cd2+ and Cr3+) were studied in
aqueous solutions to establish their application as new coagulation-
ﬂocculation agents for environmentally important metal cations. The
chitosan derivatives were titrated by successive increment of equivalent
number of cations followed by zeta potential measurements.
2.5. Turbiscan lab® Expert stability analysis
After obtaining zeta potential plots, the proper dose of each chitosan
derivative were chosen and added to a synthetic wastewater (SWW).
Stability tests were carried out, performing a transmittance scan every
25 s for 4 h. The measurement principle for this technique is based on
detecting the changes in transmission and backscattering, as a function
of particle movements.
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2.6. Synthetic wastewater with typical cations contained in plating
wastewater
The SWW solution (500 ppm) was prepared by dissolving the ap-
propriate amount of Pb2+, Ni2+, Cr3+, Ca2+, Cu2+, Cd2+ and Zn2+ as
nitrate salt powder (Sigma-Aldrich) in 1000 mL of MilliQ water.
2.7. Fluorescence measurements
Fluorescence measurements for ChD and ChDA were carried out at
room temperature in 1 cm quartz cuvettes in a Cary Eclipse
Fluorescence Spectrophotometer. The samples (0.1% w/w) were dis-
solved in 0.7% CH3COOH. The ﬂuorescence spectra were performed at
a speciﬁc wavelength depending on the compound maximum ﬂuores-
cence intensity [19].
3. Results and discussion
The synthesis of chitosan with dianhydride and amine was per-
formed by the methodology outlined in Fig. 1. The route involves the
initial reaction of chitosan with dianhydride and subsequently reacted
with amine to obtain the modiﬁed compounds ChD and ChDA, re-
spectively. This methodology was a combination of reports found in the
literature and optimized conditions achieved in the laboratory to obtain
both derivatives [20–22].
3.1. FTIR and RMN analysis
The chemical modiﬁcation of chitosan with dianhydride and amine
has been characterized by using FT-IR spectroscopic analysis. When
ChD and ChDA were substracted from ChS spectra showed some dif-
ferences; however, similar functional groups were common for all the
three compounds (Fig. 2). For ChS spectrum (Fig. 2a) characteristics
bands were observed at 3354, 3286 cm−1 (symmetric and asymmetric
stretching of NH2), 1640 cm−1 (C]O), 1582 (NH2 bending),
1021 cm−1 (asymmetric stretching of C-O). In the dianhydride spec-
trum (Fig. 2b) several signals were recorded: 3081 cm−1 (C–H),
1699 cm−1 (C]C), and 1066 cm−1 (C–O). Fig. 2c corresponds to the
substraction of ChS from ChD where a combination of signals are ob-
served, 3383 cm−1, 3224 cm−1 (N–H), 2925 cm−1 (C–H), 1546 cm−1
(C]O), 1069 cm−1 (C–O). Fig. 2d also corresponds to the substraction
of ChS from ChDA showing signals at 3114 cm−1 (N–H), 2873 cm−1
(C–H), 1549 cm−1 (C]O), 1071 cm−1 (C-O). This analysis shows that
chitosan derivatives present a combination of characteristic transmit-
tance bands corresponding to raw materials.
1H NMR spectra of chemical modiﬁcation of chitosan are dominated
by common remarkable features. Also evidences for successful func-
tionalization of ChS are the signiﬁcant alterations in the 1H NMR
spectra of ChD obtained in DCl (35%)/D2O. For example, signiﬁcant
ChS signals at 4.71 and 3.07 ppm corresponding to H1 and H2 hydro-
gens (as is indicated in Fig. 3a) are modiﬁed in the ChD polymer. The
multiplet signal for H1 was separated into a doublet at 5.30 ppm, a
doublet at 4.88 ppm and a multiplet at 4.74 ppm. Also, the multiplet
signal for H2 was separated into a double of doublets at 3.27 ppm, a
triplet at 3.17 ppm, a double of doublets at 3.12 ppm and a double of
doublets at 3.03 ppm. These changes clearly indicate a structural
modiﬁcation in the chitosan polymeric chain. Noteworthy, a doublet at
7.98 ppm, a double of doublets at 7.82 ppm and a doublet at 7.71 ppm
are present at downﬁeld indicating the presence of benzophenone core
incorporated in the polymer structure (Fig. 3b).
3.2. Photophysical properties
The ﬂuorescence spectra of ChS, ChD and ChDA were obtained and
compared to evaluate the excitation and emission ﬂuorescence bands.
Fig. 1. Chemical modiﬁcation of chitosan.
Fig. 2. FTIR spectra of a) ChS, b) D, c) ChD and d) ChDA.
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In Fig. 4, the red line showed the excitation and emission of the dia-
nhydride (ʎem = 475 nm), as well, the black line is associated to ChS
(ʎem = 426 nm), the pink line to ChD (ʎem = 461 nm) and the blue line
to ChDA (ʎem = 461). The eﬀect observed in these series is the ﬂuor-
escence quenching when carrying out the modiﬁcation of ChS with the
dianhydride and amine. Thus, ﬂuorescence emission disappeared or
was quenched when ChS is chemically modiﬁed. Looking for an che-
mical evidence that chitosan is well modiﬁed, the ﬂuorescence
spectrum of bis carbamoyl benzoic acid (DA) 0.1% w/v, were obtained,
showing a ﬂuorescence intensity of 22 units and appreciating a band of
emission maxima around 441 nm; this signal is also shifted to longer
wavelengths when increasing the species concentration. Comparing
chitosan and its derivates spectra with DA spectrum, higher ﬂuores-
cence intensities are evident. This observation is related with the fact
that the ﬂuorophore section of DA is not attached directly to nitrogen,
unfavoring the electron delocalization. For all these systems and
H1
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Fig. 3. 1H NMR spectra of a) ChS, and b) ChD.
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according to the work of Wiczk et al. [23,24], the quenching ﬂuores-
cence can also occur through a process of photoinduced electron
transfer (PET) between the excited ﬂuorophore, acting as a donor, and
unit electrophilic carbonyl group as an acceptor.
3.3. Zeta potential proﬁles of derivatives ChD and ChDA
The eﬀect of pH on the zeta potential of ChD and ChDA derivatives
was studied in a pH range of 2–12.5 since ChS is reported as a weak
polyelectrolyte when dissolved in acid medium [1]. Fig. 5 showed si-
milar zeta potential responses for the modiﬁed compounds. These de-
rivatives have a positive charge at pH > IEP (isoelectric point).
However, a shift is observed in the pH value of the isoelectric point
(IEP) depending on the chitosan modiﬁer. Table 1 shows IEPs for
chitosan derivatives suggesting a clear inﬂuence of chitosan and car-
bamoyl benzoic acids. Using BCBM (Excel Worksheets for spectro-
metry), the acid dissociation constants (pKa) values were approached
for the modiﬁed derivatives giving 3.34 for ChD, 2.66 for ChDA. The
comparison of derivatives pKa values with ChS (pKa = 3.76 obtained
from commercial provider Sigma-Aldrich), conﬁrm that chemical
modiﬁcations increase the acidity of the new compounds [25].
3.4. Inﬂuence of metallic cations on the zeta potential of the derivatives
ChD and ChDA
The chemical aﬃnity of ChD and ChDA for diﬀerent metallic ca-
tions (Cd2+, Ca2+, Cu2+, Cr3+, Ni2+, Pb2+ and Zn2+) was studied. The
derivatives were titrated by successive additions of metallic ions and
the changes in the zeta potential were registred. While the addition of
Cd2+, Cu2+, Ni2+ and Zn2+ to ChD in aqueous solution did no caused
signiﬁcant variation in the zeta potential response. The addition of
Ca2+, Cr3+ and Pb2+ showed a decrease in the zeta potential
(ζ= 59 mV to 37 mV) in the following order: Cr3+ > Pb2+ > Ca2+
Fig. 6.
In contrast, the addition of metallic cations to derivate ChDA in
aqueous solution showed a zeta potential decrease for all metals in the
following order: Pb2+ > Ca2+ > Cr3+ > Ni2+ > Zn2+ > Cu2+
(Fig. 7). This behavior was expected since ChDA presents a greater
relation of complexing groups –COOH and –NH that ChD.
The estimation of binding constants for the complex ChD-metal
cations and ChDA-metal cations were determined with Eq. S1 and they
are presented in Table S1. These results show great stability of the
complexes in aqueous media (values between 104 and 105 M−1). The
obtained titration plots indicate a metal-ligand 1:1 ratio for almost all
complexes. The 1:1 stoichiometry found for the complex by the zeta
potential measurements reinforces the proposal on the formation of
supramolecular aggregates (Figs. S1 and S2).
The transmittance proﬁles of complexes formed with ChD and
ChDA are shown in Fig. 8. The data showed that all cation complexes
have the same behavior. For the derivate ChDA the separation rate
(creaming) is slightly compared to ChD. Then, the formation of ﬂocs is
faster with ChD (25 min) in comparison with ChDA (50 min). The
physicochemical conditions for metallic cations removal was summar-
ized in Table 2.
As a matter of fact ChD and ChDA presented similar removal ca-
pacity. The molar ratio of removed metal ions/derivate was 1 ± 0.5,
conﬁrming the stoichiometry found in the ζ studies. According with the
clariﬁcation kinetics and creaming rates, both derivates were very ef-
fective in the removal of metallic ions typically contained in plating
wastewater. These also corroborated that the chemical modiﬁcation of
chitosan is a successful proposal supported in the new compounds
coagulation-ﬂocculation properties.
Finally, the SEM-EDS images and data obtained of the modiﬁed
chitosan ChD-metals and ChDA-metals demonstrate the presence of
metals in the solid dry ﬂocs containing C, O, Pb, Zn, Cu, Ni, Ca, Cd and
Cr (Fig. 9). SEM images showed that solids change their characteristics
compared with those obtained with carbamoyl benzoic acids [5]. In
contrast, when solids from ChD and ChDA are compared with ChS the
same morphology was reached. In particular, the morphology of the dry
ﬂocs from the chitosan modiﬁed ChD and ChDA show similarity,
however for ChD ﬂocs a more porous texture is observed. EDS study
revelated that C, O and Cr were abundant in the separated solids fol-
lowed by other metals. Highest wt% (average of all scanner areas) of
chrome was found (10.45%), Cu (5.95%), Ni (5.22%), Zn (4.36%), Pb
(1.37%), Cd (0.31%) and Ca (0.10%) for ChD. For the derivate ChDA
observed highest w t% and the same behavior Cr (12.44%), Cu (6.75%),
Ni (5.75%), Zn (5.12%), Pb (1.82%), Cd (0.59%) and Ca (0.12%).
4. Conclusions
The carbamoyl benzoic acid used as modiﬁers of a chitosan matrix
(nucleus) and the zeta potential tendencies in aqueous solution de-
monstrated that proposed chemical modiﬁcation improved the eﬃ-
ciency in the removal of metallic cations typically contained in plating
wastewater as Cu2+, Pb2+, Ca2+, Cr3+, Zn2+ and Ni2+ and promise to
be new materials that can also serve as ﬂuorescent probes for
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Table 1
Isoelectric point and pKa’s of ChS, ChD, ChDA and DA.
Compound IEP pKa
ChS 6.5 3.76
ChD 6.5 3.34
ChDA 4.8 2.66
DA 3.6 5.10
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Fig. 6. Relative zeta potential (ζ) response of ChD in water solution.
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Fig. 8. Transmittance proﬁle of derivates ChD and ChDA at optimum
dose, data are reported as a function of time (0–4 h).
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Table 2
Optimal physicochemical conditions for the metal ions removal of synthetic wastewater.
Compound % Removal
Cu2+ Ca2+ Pb2+ Zn2+ Cr3+ Cd2+ Clariﬁcation kinetics* %T/h Sedimentation ratio* mm/h Dosage (g/L)
ChS 99 97 98 98 99 98 2.55 1.38 0.45
ChD 99 98 97 94 80 66 9.10 7.79 0.89
ChDA 99 97 92 92 76 68 6.08 29.91 0.87
* pH = 6, 2 h of scanning.
ChD Wt %
O 40.49
C 23.59
Cr 10.45
Ni 5.22
Zn 4.36
Pb 1.27
Cu 5.95
Ca 0.10
Cd 0.31
ChDA Wt %
O 45.80
C 25.19
Cr 12.44
Ni 5.75
Zn 5.12
Pb 1.82
Cu 6.75
Ca 0.12
Cd 0.59
ChD-metals
ChDA-metals
ChS Wt %
Cr 8.0
Ni 3.5
Zn 5
Pb 0.5
Cu 6.2
Ca 0.23
Cd 0.9
Ch-metals
Fig. 9. SEM-EDS analyses of sediment of derivatives ChS,
ChD and ChDA.
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monitoring the same kind of wastewater. The interaction of chitosan
derivates and carbamoyl benzoic acid was studied under speciﬁc con-
ditions and demonstrated their ability to remove by coagulation-ﬂoc-
culation mechanisms metallic cations. Calculations of association con-
stants of chitosan derivatives with metallic cations were estimated
considering zeta potential measurements giving 104 M−1 for ChD and
105 M−1 for ChDA. The SEM analysis of dry ﬂocs of ChD-metals and
ChDA-metals gave evidence of the presence of metals in dry ﬂocs
containing C, O, Pb, Zn, Cu, Ni, Ca, Cd and Cr. The morphology of the
dry ﬂocs from the chitosan modiﬁed ChD and ChDA show similarity,
however for ChD ﬂocs has a more porous texture. EDS study revelated
that C, O and Cr were abundant in the dried ﬂocs followed by other
metals. Highest wt% (average of all scanner areas) of chrome was found
(10.45%), Cu (5.95%), Ni (5.22%), Zn (4.36%), Pb (1.37%), Cd (0.31%)
and Ca (0.10%) for ChD. For the derivate ChDA observed highest wt%
and the same behavior Cr (12.44%), Cu (6.75%), Ni (5.75%), Zn
(5.12%), Pb (1.82%), Cd (0.59%) and Ca (0.12%).
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